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In the wide range of mammals that have been studied (bat to elephant) body weight is inversely related to heart rate (3, 25) and directly related to blood volume and heart weight (3, 4, 10) . There is considerable evidence that cardiac output, which is the product of stroke volume and heart rate, is related to metabolic rate (13) . For more than 100 years basal metabolism has been related to body surface (16) , and since the studies of Grollman (12) relating cardiac output to body surface area, it has become the practice to report the cardiac output of man in terms of flow per square meter of body surface (28). In 1932 Kleiber (21, 22 ) and later Brody (2) in a study of the metabolism of a wide variety of mam mals ranging from the mouse to the elephant, showed that basal metabolic rate was not related to body surface, which is a function of the two-thirds power of body weight, BW2", but is related to the 0.74 =fc 0.01 power. On the basis of these studies Kleiber suggested that, in ore r for data on the metabolism of mammals of different body sizes to be useful for the study of mammals in general, basal metabolic rate should be reported as a function of BW3/4. If the reporting of cardiac output per square meter of body surface is based on the assumption jhat cardiac output is related to metabolic rate, then it would appear more desirable to report cardiac output per BW"1 than per body surface area (13) . The primary reason, however, for reporting cardiac output as a func tion of any power of body weight should rest on -peri-" mental evidence obtained in mammals extending over a wide range of body size.
Assuming cardiac output to be a function of metabolic rate, then what functions of body weight or metabolic rate are heart rate and stroke volume, the product of which is cardiac output? In separate studies Clark (3) and Rihl (25) presented convincing evidence that, in mammals ranging 0.5-millionfold in body weight, heart rate is a function of body weight raised to the -0.26 ± 0.01 power. In contrast, there appears to be little direct evidence as to whether stroke volume is "a fun. -on ofbody weight or body surface. Some investigators have reported stroke volume as stroke index, i.e., stroke volume per square meter of body surface (14, 23) , but insofar as we are aware there have been no studies extending over a wide range of mammals showing whether stroke volume is a function of body weight, body surface, or metabolic rate.
During recent years techniques for the measurement of right and left ventricular end-diastolic, EDV, and end-systolic, ESV, volumes have been develops (5, 7, 17, 18) and several investigators have reported values for left ventricular EDV in man and the dog in terms ot milliliters per square meter of body surface (6, Z3J-Since left and right ventricular end-diastolic volumes each comprise one component of the total blood volume, which is a function of body weight (4), it would be ex pected that end-diastolic volume is a function of bod) weight and not of body surface or metabolic rate. Like wise, since it has been shown in mammals whoso heart weights varied 800-fold that in the control state stroK volume is 43 % of left ventricular EDV regardless ot tn size ofthe mammal (19) , it would be expected thatstroK volume is a function of body weight.
VENTRICULAR VOLUMES AND BODY WEIGHT IN MAMMALS
In an earlier study of left ventricular volumes in mam mals varying 54-fold in body weight (dog to horse) we found no satisfactory relationship between EDV and 1 xiy weight or heart weight (19) . Since that time our t ventricular studies have been extended to include •bits and rats as well as additional large mammals, 1 extend over a 1,790-fold range in body weight. In Idition similar studies have been carried out on the ht ventricle in mammals varying 334-fold in body ht (rabbit to horse). These data are analyzed here in * attempt to determine the relationships between stroke volume, heart rate, cardiac output, EDV, ESV, strokerk, peripheral resistance, and: body weight, heart ight, ventricular weight, body surface, and metabolic |rate for the left ventricle and for the right ventricle.
; ;;METHODS Experiments were carried out in the control state on ; 47 anesthetized and 10 unanesthetized mammals ranging ; from a 467-g rat to an 836-kg bovine. The left ventricle •was studied in 10 anesthetized closed-chest horses (chloral hydrate, 85-169 mg/kg), 2 cattle (chloral hydrate, 76-122 mg/kg), 4 swine (chloral hydrate, 124-203 mg/kg), 9 dogs (morphine, 3 mg/kg; Dial-urethane, 1/8 ml |solutionVkg; pentobarbital, 7.5 mg/kg), 7 rabbits (so dium pentobarbital, 18 mg/kg; Dial-urethane, 0.3 ml solution/kg), 3 rats (sodium pentobarbital, 55 mg/kg), and 1 sea lion (Sernylan2 0.75 mg/kg; Dial-urethane .0.03 ml solution/kg; pentobarbital 1.8 mg/kg) and in 2 unanesthetized horses, 3 cattle, 3 sheep, and 2 goats. Additional anesthetic was given as needed during the iburse of an experiment. Experiments on the right ven tricle were carried out only on anesthetized animals and included 7 horses, 1 bovine, 5 swine, 9 dogs, and 5 rab bits. The above drugs were chosen because they result 'in less change in heart rate than other commonly used |nesthetics. The EDV, ESV, and stroke volume were .measured by means of the electric conductivity indicatordilution technique described earlier (17, 18, 20) . In the measurement of left ventricular EDV a double-lumen I .electric conductivity catheter3 was passed through a carotid artery and the ascending aorta into the left ventricle in such a manner that one of the catheter tips lay approximately in the middle of the left ventricle, and the other, which contained the electric conductivity cell, lay in the ascending aorta a few millimeters from the aortic valve. of NaCl solution inj< ii >_icctric conductivity rnal jugular vein, right manner employing a small-needle electric conductivity cell,4 similar to that originally described by White (30).
The needle was passed into the ascending aorta by way of the left carotid artery. This system was not calibrated for absolute values and stroke volume was not measured. Instead, stroke volume was estimated from studies on cardiac output in rats of similar body weights (26), and the EDV calculated from the measured residual fraction and the estimated stroke volume. Aortic pressure was measured either continuously or intermittently, and left and right ventricular pressures continuously, except for the fraction of a second when concentrated NaCl solution was injected into the ventricle. Pulmonary arterial pressure was measured intermit tently: The levels and positions of the catheter tips in the animal were determined at autopsy and all pressures were referred to the level of the ventricular catheter tip as zero.
Stroke work was calculated by means of the equation:
where SP is mean ventricular systolic pressure, EDP is ventricular end-diastolic pressure, and S is stroke'volume. Total peripheral resistance was calculated from the equation.1-
where AS is aortic systolic pressure, AD is aortic diastolic pressure, REDP is right ventricular end-diastolic pres sure, and CO is cardiac output. Body surface was calculated (in cm2) from the equa tion:
where BW is expressed in grams and the value of K was 9.1, 9.8, 11.2, 10.0, 9.0, and 9.0 for rats, rabbits, dogs, horses, swine, and cattle, respectively, and 9.8 for sheep, goats, and sea lions (8) . The value for BS was corrected to square meters for the calculations given below. Basal metabolic rate, in kilocalories/24 hr, was calculated by 
w r i v h t < B W 1 h e -i r t w e i g h t ( H W ) . v e n t r i c u l a r w e i g h t ( V W ) , b o d y s u r f a c e a r e a ( B S ) . m e t a b o l i c r a t e ( M R ) .
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where BW is expressed in kilograms.
vnlu SOmeJexPeriments simultaneous measurements of volume and pressure were made on the two venues ammah add,tWnkf> CO"tro1 observations some of he T h s e s t u d " "^f t 0 * l c t h m a n d h e m o r r h a g Statist" 1 ^ dCSCribed in an0ther -Portn,vr r 3lyS1S Was Permed on an IBM 1130 m ill >hmPUt!T uThC data WCre transformed to base 10 ogan hms and the linear regression of the logarithm c values calculated by the method of least squares to gTve the parameters m the power-law formula: y = aX> linear regression equations were determined by the nethod of weighted regression lines through the orisin o g r v e t h e e q u a t i o n : b I g l n y = AX rhCrer f ^ n parameter such as body weight raised to ne of the following powers: values.
RESULTS
i bles are the mean of the two ition, S, was calculated for regression equations. Table 1 presents the coefficients for the power law and eT rglT°n , qUad°nS' " WdI "** statist!measures for the relationships of the cardiovascula weight H T b°dy Wdght' hCart * ventr cu la. weight, body surface, metabolic rate, and end-diastolic olume. In the results described below for the left ven tncle, extending from the rat to the bovine, the range " body weight and heart weight was 1,790-and 3 181-fc respectively; the range for the right ventricle5-extendin" from the rabbit to the horse was 334-and 716 foM SStSS V^aMe 2 thG avcra«e vaIues for BW I! EDV/BW EDV/BS, S/BW, S/BS, and heart rate tor each class of mammals studied are given
The values of the cardiovascular variables for man shown in Figs. 1-6 were taken from the reports of Bartle and Sanmarco (1), and Freis et al. (9) , and calculate' for an average individual having a body weight of 70 k body surface of 1.8 m* metabolic rate of 1,694 kcaI/24 h heart weight of 315 g, left ventricular weight of 203 g, and right ventricular weight of 67 g.
EDV, ESV stroke volume, and heart rate. The logarithmic relationships between EDV, which varied over a 74* and 097-fold range for the left and right ventricles respectively, and: ESV, stroke volume, and heart rate ,J body surface in mammals ml/kg I ml7m= f^^^^^s z^^^^^^^^^^ 4:iU are shown in Fig. 1 As shown in the equations ESV and stroke volume are related to EDV raised to approximately the first power, while heart rate is related to EDV raised to approxi mately the minus one-fourth power. There was little scatter of the data, one standard deviation being less than ±23% in each relationship as shown in Table 1 .
EDV, body weight, heart weight, ventricular weight, body surface, and metabolic rate. The logarithmic relationships between EDV, and: body weight, heart weight, body surface, and metabolic rate are shown in Fig. 2 , A-D, and Table 1 , and the average values are given in Table 2 . The scatter of the data was greater in the relationships to body weight than in the relationships to heart weight and ventricular weight. It should be noted that neither right nor left ventricular EDV are linear functions of body surface; instead, both are functions of body surface raised to the 1.58 ± 0.01 power and of metabolic rate , raised to the 1.36 ± 0.01 power. Likewise, in Table 2 the ' average value of EDV/kilogram of body weight, extend ing over the wide range of mammals studied, is approxi mately constant, i.e., 2.3 ± 0.9 (1 sd) and 2.0 ± 0.8 (1 i sd) ml/kg for the left and right ventricles, respectively. In contrast the average value of EDV/BS ranged from 15 j to 165 ml/m2 body surface area from the rabbit to the ' horse. Thus, EDV appears to be linearly related to body weight, i.e., BW1-0.
Stroke volume, body weight, heart weight, body surface, and metabolic rate. The logarithmic relationships between stroke volume, which varied 776-and 822-fold, respec tively, for the left and right ventricles, and: body eight, heart weight, body surface, metabolic rate, and left; ventricular weight are shown in Fig. 2 , E-H, and Table  1 ; and the average values are given in Table 2 . 
■
The scatter of the data was greater in the relationships to body weight than to heart weight and ventricular weight. It should be noted that stroke volume is not a-, linear function of body surface; instead it is a function of body surface raised to the 1.62 power and metaboUc rate raised to the 1.4 power. Likewise in Table 2 the average value for stroke volume per kilogram bodyweight, extending over the wide range of mammals studied, is approximately constant, i.e., 0.9 ± \ sd) ml/kg for both ventricles. In contrast, the 'erage values of stroke volume per unit body surface area range from 6 to 72, and from 7 to 89 ml/m2 from the rabbit J the horse for the left and right ventricles, respectivelyThus, stroke volume appears to be linearly related to body weight, i.e., BW10.
Heart rate, body weight, heart weight, body surface, m metabolic rate. The logarithmic relationships between hear rate, which varied over a seven-and eightfold range respectively, for the right and left ventricles, an :: b°<J weight and heart weight, are shown in Fig. 3 and ab e There was moderate scatter of the data, one standard deviation being ±27% and ±20%, respectively for W and HW. In contrast to the above equations, in which body weight is raised to the minus 0.25 ±0 01 Power, heart rate is related to body surface area raised >o the minus 0.40 ± 0.02 and metabolic rate to the minus "J ± 0.01 power (Table 1) . Wdiac output, body weight, heart weight, body surface, and mbohc rate. The logarithmic relationships between ISiac output and: body weight, heart weight, body §PCe,and metabolic rate, extending over a 156-and ;W-loId range in cardiac output for the left and right ■cntricles, respectively, are shown in Fig. 4 and Table 1 ;|e equations describing these relationships are- It appears that cardiac output is more nearly direcdy proportional to metabolic rate, in which case the power is 1.05, than to body surface, in which case the power is Stroke work, body weight, heart weight, and EDV. The logarithmic relationships between stroke work and: bodv weight, heart weight, ventricular weight, and EDV are shown in Fig. 5 and Table 1 As shown for the left ventricle in Table 1 there was less scatter ofthe data in the relationships between stroke work and EDV, ventricular weight and heart weight than in the relationships between stroke work and body weight HOLT, RHODE, AND KINES metabolic rate and body surface. In contrast, in the case of the right ventricle, the scatter was less in the rela tionships between stroke work and body weight, rnetabolic rate and body surface than in the relationsh ps between stroke work and heart weight, ventricular weight and EDV. In addition the average stroke wo: < p^r gram of heart weight and per gram left ventricuhr weight was 0.33 and 0.47 g-m, respectively for the left ventricle, whereas it was only 0.06 and 0.28 g-m for he right ventricle. The reason for these differences n the right and left ventricles is not clear, but it suggests that the mechanism of ejecting the stroke volume may bc different for the two ventricles.
B o d y W e i g h t ( k g ) H e a r t W e i g h t ( g m
Total peripheral resistance and body weight. The logaimic relationship between total peripheral resistance and body weight is shown in Fig. 6 where P is mean aortic pressure. The linear regression of TPR on body weight raised to the -0.75 power was determined (Table 1) , and the equation describing this relationship is given in Table 3 .. It will be noted in Table 1 that the standard deviations of all of the linear regression equations shown in Table 3 do not differ greatly from the standard deviations of the similar log-log relationships. It appears reasonable to believe that, if a wide enough range of mammals were studied, the relationships of the various cardiovascular variables to body weight would be described by the equa tions in Table 3 .
DISCUSSION
On the basis of the data presented it seems clear that in the control state EDV, ESV, and stroke volume are directly related to body weight and not to body surface. Additional evidence supporting this, view is the fact that if the normal value of EDV is taken to be 89 ml/m2 for each ventricle, as has been reported for the left ventricle of man (1), and the blood volume is taken to be 7.2% of body weight (4), then the heart of al6-ton elephant would contain less than 1 % of its total blood volume, while the heart of a 13-g mouse would contain 100% of of its blood volume ! Also, since heart rate is proportional to BW"0-25, if it is assumed that stroke volume is propor tional to body surface, i.e., BW2'3, then cardiac output, which is the product of stroke volume and heart rate, would equal: CO = S X R S X R « BW2" X BW"0-25 Therefore: wv,^ 6.eater -han : a. function of xly
• volumes are not a a function of body »le for investigators to muliliters per kilogram body weight. If this is not done, then the body weights of the animals or subjects should be given in order that other investigators may relate the volumes to body weight.
The fact that EDV was found to have a better rel ionship to heart weight than to body weight is not surp. Ising in view of the fact that the HW/BW ratio varies widely in mammals, from 0.11% in the deer to 1.67% in the Arctic weasel (15). This is in general agreement with Clark (3), and Grande and Taylor (10) who showed that there was considerable variation of the ratio of heart weight to body weight throughout a wide range of mam mals.
Since our data showing heart rate to be a function of BYV-0-25 are in agreement with the data of Rihl (?5) for mammals ranging 0.5-millionfold in body weigi. and since metabolic rate per unit body weight is a function of BW-0-25, i.e. It appears reasonable to conclude that heart rate is a function of metabolic rate per unit of body weight, i.e.:
heart rate a metabolic rate body weight This is in agreement with the evidence that the frequency of rhvthmic activity of various bodily processes as tor example, respiratory rate, rate of reproduction, a.id the rate of rhythmic intestinal activity, vary in a ina"ner similar to the variations of metabolic rate per unit body w e i g h t ( 3 , 2 9 ) . , Likewise, since stroke volume is a function ol doq, weight, i.e.:
S a BW10
It follows that cardiac output, which is the pre act °r ate and stroke volume, is related to BW and me>abon rate as follows: CO = S X R S X R « BW10 X BW"0-25 ity criteria which dehne the normal adult esign of the cardiovascular functions -t the relationships may^ be different within e nPHC^te\matUratinS animaIs as wS as adults are included, has been pointed out by Stahl (29) and shown by Gleason's analysis of Mailer's data on the relationship of heart weight to body weight (S ln growing and adult human males, whose body weight varied from less than 1.5 to more than 100 far hear S r f°Und t0 be a function °f BW-« ins'tead o H I Smith'mf ,here-™s is in agr™ " of'L rZ I ( } l°Wmg that hl infantS under 1 vear matelv? • ^ We?ht-to-body -eight ratio is approxi mately twice that of adults. Clark (3) earlier presented similar evidence for lower animals. Thus, the equations presented here can be expected to be som^hatTffe en m g r o w i n g a n i m a l s . Q u e r e n t To what degree the constant and/or power function may vary m describing the relationships within as mgle *.dult species, such as man, is not known. That there is a
•-cies to species is clear, as for example t weight to body weight of the dogs in y was 7.0 g/kg while that of the relatively •bits was 1 9. In the absence of data extending nge of body size in an individual species it asonable to assume that the power funcuned in the present study describe the relationhips within each species, but that the constants may vary l ? J S £ £ £ T 1 " ! T h C r d a t i 0 n s h i P s d e s c r i b e /ê ated rn k ^ Whei\re,ated to *«« weight than when related to body weight, and a correction procedure can be employed for individual species based o£XhW/Sw ratio of that species. As for example, on the basis of the equation for the relationship ofW to bodTwdgtt EDVL = 2.25 BW»-« eCacChUlofC1^ H°f thC PlediCted EDV by this e^ati™ for each of the dogs in the present study gave values which w h e d t h e m e a s u r e d e n > d ! d . a s t o l . c -^c h were ,n eiror by an average of -38%. This error fa reduced by multiplication of the above constant by a "species correction" constant which is defined as the ratio of the average HW/BW ratio of the particular species to the average HW/BW ratio of all mammals. As shown in Table 2 the average HW/BW ratio of the dogs studied was 7.0, while from the equation in Table 3 relating heart, weight to body weight the HW/BW ratio for all mam-" mals studied was 4.34. Thus for dogs, Using this corrected equation the average error of the predicted EDV of the dogs in this study was ±21 %. This same correction procedure can be employed for the calcu lation of stroke volume for animals in any mammalian species provided values for the HW/BW ratio are avail able for that species. _ --It should be pointed out that all of the results reported here for the right ventricle and 78 % of the determinations on the left ventricle were obtained on anesthetized ani mals. Although no individual animal was studied both in the unanesthetized and anesthetized state the values for stroke volume, EDV, and cardiac output were less in the anesthetized animals than in unanesthetized animals of similar size. However, it is felt that the number of un anesthetized animals studied was too small on which to base conclusions at the present time, and that the rela tionships obtained and given in the Tables should be considered to apply to anesthetized animals. There is considerable evidence showing that the anesthetics employed decrease cardiac output. As a result ca output values obtained in this study can be expect be less than those in the unanesthetized anirmi. anesthesia in general increases heart rate, anc th the heart rates in the data reported here arc \t "normal" range, many of these were near the i limit of normal. There is also the possibility anesthesia decreases the contractility of the heart as a result decreases the ejected fraction. Therefor' values for ESV and residual fraction may be greater they would be in the unanesthetized animal. Thu equations reported here concerning the various ca vascular variables would be expected to be some' different in the unanesthetized state. Since th ?f<j anesthesia would be expected to have app, ..;;n the same proportional depressing effect on a wide va of mammals, the power to which body weight is ra in the equations -relating the various cardiovasl parameters to body weight, would be expected to b same in the unanesthetized as in the anesthetized an however, the constants in the power law equations w be expected to be somewhat different
